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Epoxy resins display excellent properties such as high thermal and mechanical stability
along with good chemical resistance, but usually perform poorly under ﬁre, burning easily
and violently. The focus of the present work is to investigate the use of glycinate inter-
calated layered double hydroxides (LDH) for the preparation of two-component (LDH) and
three-component (LDH/glass ﬁber) epoxy composites in order to achieve ﬁre retardancy.
The solution method was used to synthesize LDH, and the three-component epoxy/LDH/
glass ﬁber composites were molded by resin transfer molding (RTM). The mechanical
properties were investigated with tensile, ﬂexural, impact and hardness testing. The ﬂame-
retardant characteristics were evaluated by horizontal (UL 94 HB) and vertical burning (UL
94 V), and the burnt sample residues were examined for morphological changes by
scanning electron microscopy. The best mechanical performance was obtained when glass
ﬁber (three-component) was used as reinforcement, and all samples containing LDH
showed self-extinguishing behavior with lower burning rate than pristine epoxy or epoxy/
glass ﬁber.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Epoxy resins are largely used in advanced composites
for improved mechanical performance and to attain good
chemical, electrical and other speciﬁc properties [1].
However, cured epoxy resins present drawbacks related to
low ﬁre resistance and low fracture toughness [2–4].
Flammability of epoxy resins still represents a limitation for
general aviation uses where safety must be strictly




lsevier OA license.Many approaches have been attempted to improve the
performance of epoxy resins, including the incorporation of
ﬁbers and ﬁllers. Recently, nano-scale inorganic clays have
drawn increasing interest due to their potential to signiﬁ-
cantly improve thermal stability [6,7], mechanical proper-
ties [2,5], ﬂame retardant characteristics [3,7,8] and UV
absorbency [9] of pristine polymers, evenwhen a relatively
small amount is used [2]. Among the currently available
nano ﬁllers, layered double hydroxides (LDHs), which
consist of positively charged metal hydroxide layers based
on the brucite structure with intercalated hydrated anions.
LDH are also known as hydrotalcite-like compounds or
anionic clays and can be represented by the formula
½MII1XMIIIX ðOHÞ2ðAnx=n,mH2OÞ, where MII and MIII are,
respectively, bivalent and trivalent metal cations, occu-
pying octahedral positions within the hydroxide layers, and
Table 1
Identiﬁcation of the prepared epoxy resin samples.a
Sample identiﬁcation LDH (wt.-%) Solvent Glass ﬁber
E – – –
E-s – DMF –
E-L1-s 1 DMF –
E-L2-s 2 DMF –
E-G – – Yes
E-G-s – DMF Yes
E-G-L1-s 1 DMF Yes
E-G-L2-s 2 DMF Yes
a E ¼ epoxy resin; s ¼ solvent; L ¼ LDH; G ¼ glass ﬁber.
C.M. Becker et al. / Polymer Testing 31 (2012) 741–747742An is an interlayer hydrated anion that compensates for
the layer charge [10,11].
The mechanical properties of epoxy resins can be
severely modiﬁed with the addition of LDH, and these
properties also vary with the degree of intercalation,
exfoliation and dispersion. In a previous publication [12],
three different organic solvents were evaluated, namely
acetone, chloroform and dimethylformamide, to compare
their capability of promoting intercalation and exfoliation
of epoxy/LDH composites. DMF showed the best perfor-
mance and, in addition, an increment in ﬂame retardant
properties, and a reduction in mechanical properties were
found for all epoxy/LDH systems.
A number of studies have been carried out on LDH/
epoxy and glass ﬁber/epoxy systems [13–17], but com-
posites with both LDH and glass ﬁber reinforcements are
hard to ﬁnd. Lin et al. [6] showed that the three-
component glass ﬁber/LDH reinforced composites can
exhibit high strength weight and modulus weight ratios,
compared with LDH composites or pristine resins while
keeping the new properties offered by LDH incorporation.
Within this context, the present work investigated two-
component systems comprised of epoxy/LDH and three-
component RTM molded epoxy/LDH/glass ﬁber compos-
ites, especially regarding their ﬂame-retardant and
mechanical properties.2. Experimental
2.1. Materials
Epoxy resin based on diglycidyl ether of bisphenol A
(DGEBA, Araldite LY 1316 – Huntsman), triethylenetetr-
amine (TETA, Aradur HY 1208 – Huntsman) curing agent,
dimethylformamide (DMF, Nuclear) and glass ﬁber mats
with an areal density of 300 g/m2 (Owens Corning) were
used as received. The LDH intercalated with glycinate
anions was synthesized by the solution method previously
reported [12].Fig. 1. X-ray diffraction patterns of LDH and composite E-L2-s.2.2. Epoxy/LDH composites
Pristine epoxy resin was obtained by mixing the epoxy
monomer with the curing agent for 3 min at room
temperature, degassing the mixture using an ultrasonic
bath, casting into a silicon rubber mold, curing for 24 h at
room temperature and then post-curing for 2 h at 70 C. For
the epoxy/LDH composites, the following ﬁve-step proce-
dure was carried out:
i) LDH (1 or 2 wt.-%) was dispersed in DMF using strong
sonication (Sonics/Vibracell VCX 750, 225 W) for
20 min at room temperature to achieve homoge-
neous dispersion of exfoliated LDH.
ii) The desired amount of epoxy resin was added to the
LDH dispersion and the mixture was sonicated
(225 W) for 20 min at room temperature.
iii) The mixture was placed in a vacuum assisted rotary
evaporator and heated in a water bath at 100 C to
promote thorough solvent evaporation.iv) The curing agent was added to the epoxy resin/LDH
mixture, which was then mechanically stirred under
sonication for 3 min.
v) The epoxy resin/LDH was cast as described above.
2.3. Epoxy/LDH/glass ﬁber composites
The three-component composites were produced by
resin transfer molding (RTM), which is a versatile and
efﬁcient technique for producing ﬁber reinforced polymer
composites. RTM involves the injection of a liquid resin into
a closedmold cavity containing the ﬁber reinforcement and
subsequent resin curing, producing a rigid composite [13].
A ﬂat square mold with inner dimensions of
300  300  3 mmwas used. Four layers of chopped glass
ﬁber mats were stacked inside the mold cavity and the
epoxy/LDH system, prepared as described above, was
injected into the mold at room temperature. The compos-
ites were cured for 24 h at room temperature and post-
cured for 2 h at 70 C. Identiﬁcation of all samples
prepared in this work is depicted in Table 1.
2.4. Characterization
X-ray diffraction measurements were conducted at
a scanning speed of 1/min using a Shimadzu (XRD-6000)
diffractometer with a CuKa source (1.5418 Ǻ). Data were
collected in a step scan mode between 3 and 50 (for 2q)
using thin ﬂat LDH samples directly on the sample holder.
Fig. 2. Position of the ﬂow-front at similar ﬁlling times for: (A) E-G, (B) E-G-s, (C) E-G-L1-s and (D) E-G-L2-s.
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Emic DL 2000 testing machine. Flexural properties
(strength and modulus) were measured using rectangular
samples, following ASTM D790-07. Impact strength was
evaluated according to ASTM D256 using an IMPACTOR II
CEAST equipment with at least ﬁve specimens for each
composition. Shore D hardness testing was performed
according to ASTM D2240 using a Woltest SD 300
equipment.
Evaluation of ﬂammability was carried out using vertical
(UL 94 V) and horizontal burning (UL 94 HB) tests on
130  13  3 mm specimens. The horizontal burning test
determines the burning rate whereas vertical burning
allows classiﬁcation of the material as V0, V1 and V2,
according to the time required for the ﬁre to self extinguish.Fig. 3. Tensile strength of theFor each composition, themean result of ﬁvemeasurements
is reported. The morphological characteristics of the burnt
composites were studied using a Jeol JSM 6060 scanning
electron microscope (SEM) after sample coating with a thin
layer of gold.
3. Results and discussion
X-ray diffraction analysis was performed to determine
structural modiﬁcations of the LDH after preparation of the
epoxy composites. Fig. 1 shows the XRD patterns of the
original LDH and of the epoxy composite with 2 wt.-% of
LDH (i.e. for E-L2-s). For pure LDH, the ﬁrst diffraction peak
at 2q ¼ 11.21 corresponds to a d-spacing of 0.79 nm, cor-
responding to an interlayer spacing of about 0.31 nm [12].epoxy resin samples.
Table 2
Flexural strength and modulus of the epoxy resin samples.
Sample Flexural strength (MPa) Flexural modulus (GPa)
E 81.4  1.2 2.0  0.6
E-s 50.0  3.2 2.1  0.2
E-L1-s 77.9  4.1 3.0  0.5
E-L2-s 72.1  3.7 2.8  0.3
E-G 167.1  20.2 2.7  0.7
E-G-s 93.2  7.8 1.4  0.1
E-G-L1-s 124.7  12.5 2.4  0.2
E-G-L1-s 100.6  6.2 2.1  0.1
C.M. Becker et al. / Polymer Testing 31 (2012) 741–747744For the epoxy/LDH composite, only a broad band was
observed around 2q ¼ 20, which corresponds to the
amorphous resin.
The absence of characteristic peaks of LDH could indi-
cate intercalation due to the preparation procedure
yielding an epoxy/LDH composite with increased LDH
interlayer distance that was not detectable by XRD, or even
suggest the presence of fully exfoliated LDH. This indicates
that the DMF molecules increased interlayer spacing
which, in turn, may promote diffusion of epoxy molecules
between the LDH layers, which is evidence of the ﬁne
dispersion state of the intercalated LDH in the polymer. The
molecular diffusion of epoxy resin into the LDH galleries
may be possible due to DMF co-intercalation, which acts
like a swelling agent and stabilizes the individual LDH
layers due to the high dielectric constant of the DMF
molecule. Also, the interlayer environment obtained with
glycinate promotes hydrogen bonding with DMF [12].
The preparation route using sonication yielded good
dispersion and this enabled the RTM processing using
a preform comprised of glass ﬁber mats. In RTM, the key
step is to impregnate the preformwith the epoxy as quickly
as possible, yet avoiding undesirable ﬂaws such as incom-
plete ﬁlling, non-uniform wetting and voids in the
composites [18]. Viscosity of the epoxy/LDH system is
affected by the content and morphology of the LDH in the
resin and the higher the viscosity, i.e. the LDH content, the
lower the permeability and the resulting ﬂow rate of the
ﬂuid in the ﬁbrous preform. Under critical circumstances,
the ﬂow of resin may be virtually impractical, failing to
produce a three-component composite via RTM. In thisFig. 4. Izod impact strength of the epoxy resin samples.work, the viscosity of the pure resin was 700 cP, increasing
to 1050 and 1250 cP for E-L1-s and E-L2-s samples,
respectively.
Fig. 2 shows the position of the ﬂow, for similar injection
times, when using: pristine epoxy (E), epoxy treated with
DMF E-s and epoxy with 1 and 2 wt.-% of LDH. Since the
introduction of DMF decreased resin viscosity (400 cP),
ﬂow was promoted. On the other hand, addition of LDH
increased the time for impregnation of the reinforcement
and, therefore, the required time for thorough mold ﬁlling.
In addition, the ﬂow of particles within ﬁber bundles,
comprised of hundreds of ﬁber micro-ﬁlaments, is rather
limited and when the LDH content increases this micro-
ﬂow is seriously hindered [19].
To investigate the mechanical properties of the
composites, tensile, ﬂexural, impact and shore D hardness
tests were performed. The evaluation included pristine
epoxy (E) and epoxy treated with DMF (E-s), as reference,
along with all two- and three-component composites.
Fig. 3 shows that tensile strength of epoxy decreased when
using DMF as dispersing agent, even if it was almost
completely removed afterwards. The introduction of LDH
shows a small improvement compared to the E-s sample,
slightly surpassing the original value. Comparing pristine
epoxy with the composites (E-L1-s and E-L2-s), it can be
seen that the incorporated LDH failed to serve as rein-
forcement in these composites, especially for higher LDH
content [12]. On the other hand, the utilization of glass ﬁber
was able to provide a large increase in tensile strength, as
expected, of up to 200% for E-G and E-G-L1-s. For both two-
and three-component composites, the DMF proved detri-
mental to tensile strength and the LDH compensated for
this loss.
The same general behavior was found for ﬂexural
strength and stiffness (Table 2) and impact strength (Fig. 4).
Especially under ﬂexure, the DMF addition reduced the
strength and stiffness of the resin, showing a somewhat
plasticizing effect. The ﬂexural modulus increased for the
two-component composites with the addition of 1 wt.-% of
LDH and decreased with 2 wt.-% of LDH. For the three-
component composites, the ﬂexural modulus decreased
with the DMF treatment and the original values were not
recovered with LDH addition. Regarding Shore D hardnessFig. 5. Shore D hardness of the epoxy resin samples.
Fig. 6. Horizontal burning rate (UL 94 HB) of the epoxy resin samples.
Fig. 7. SEM images of the burned E-L1-s sample: (A) Full-view and (B) surface magniﬁcation. Scale bar size: 200 mm and magniﬁcation: 70.
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beneﬁted from the LDH presence, increasing from 60 to 72
for the former and from 72 to 76 for the latter.
When a composite is heated, its stiffness and strength
are normally reduced and this becomes more signiﬁcant
above its glass transition temperature or under ﬁre [20].
UL-94 is an industry-standard testing method for ﬂame
retardancy which was used here to investigate the ﬂam-
mability characteristics of all samples, evaluating the
inﬂuence of DMF, LDH and the glass ﬁber. Fig. 6 shows that
the burning rate of the samples, as determined by the UL-Fig. 8. SEM images with the burned as94 HB standard, decreased with LDH incorporation.
Furthermore, these composites produced signiﬁcantly less
fumes and no dripping. Burning of the dispersed LDH
produces a mixture of nanostructured metal oxides and
carbonaceous char that acts as ﬂame-retardant [12].
The modiﬁcation of the ﬁre propagation mechanism
that occurs due to the inclusion of the inorganic ﬁller has
been attributed to the accumulation of inorganic particles
at the surface of the burnt composite and, concurrently, to
the formation of a carbonaceous coating that limits heat
and mass transfer at the burning zone [21]. To investigatepect of (A) E-G and (B) E-G-L1-s.
Table 3
Results of the vertical burning tests (UL 94 V).
Sample After ﬂame time (s) Classiﬁcation
E Total burning Unclassiﬁed
E-s Total burning Unclassiﬁed
E-L1-s w26 V – 1
E-L2-s w23 V – 1
E-G Total burning Unclassiﬁed
E-G-s Total burning Unclassiﬁed
E-G-L1-s w24 V – 1
E-G-L1-s w23 V – 1
C.M. Becker et al. / Polymer Testing 31 (2012) 741–747746this phenomenon, the burned residues of the samples were
examined by taking SEM micrographs. Fig. 7 shows images
of the burned E-L1-s sample. In Fig. 7A, an intact inner
structure is observed together with an outer darker porous
region which is comprised of carbonaceous residues based
on metal oxides that were yielded during dehydroxylation
of the LDH structure. Fig. 7B, taken at higher magniﬁcation,
shows the carbonaceous porous surface of the burnt
sample that acts as a barrier or insulator, minimizing
further exposure of the bulk of the composite to heat, ﬂame
and air. Fig. 8 shows the burnt residue of the E-G and E-G-
L1-s samples. In the E-G sample (Fig. 8A), the matrix was
thoroughly consumed, fully exposing the ﬁbers after
burning. On the other hand, in the E-G-L1-s composite
(Fig. 8B), the residue resembled ﬂakes with most of the
ﬁbers still partly covered by the matrix. In all, the obser-
vations demonstrate that LDH acted as ﬂame retardant in
all two- and three-component composites.
As shown in Table 3, the E, E-s, E-G and E-G-s samples,
i.e. the samples without LDH, showed sustainable burning
after removal of the ﬂame, consuming the whole test
specimen. However, all LDH containing composites showed
self-extinguishing behavior and were classiﬁed as V-1,
therefore ratifying that LDH can be used as an additive to
improve the behavior of epoxy resins towards ﬂame
exposure.
4. Conclusions
In the present investigation, the lack of peaks in the X-
ray analysis of the composite with LDH revealed the
delamination/exfoliation of the LDH in the epoxy resin,
probably due to the intercalation of the resin monomers
between the LDH layers, improving the overall dispersion
state. Epoxy/LDH/glass ﬁber three-component composites
were successfully molded using the RTM process. The
mechanical performance of the epoxy samples to which
DMFwas added and later removed decreased, probably due
to traces of residual solvent left in the sample. This could be
a consequence of the large amount of resin used (about
350 g) for RTM molding that may have compromised
solvent removal. The three-component composite with
1 wt.-% of LDH showed the highest tensile and ﬂexural
strength results, close to those for the systemwithout LDH.
Concerning ﬂame retardant characteristics of the two-
and three-component composites, it can be concluded that
all composites with LDH showed a burning rate much
lower than that of pristine epoxy, and self-extinguishing
behavior not presented by the original epoxy, beingclassiﬁed as V-1. The inclusion of LDH in the ﬁbrous
composite systems showed a very remarkable effect on
their response to ﬁre, preventing thorough matrix
consumption and leaving a LDH residue on the ﬁber
surface. Thus, LDH may be used for the preparation of
environmentally-friendly halogen-free ﬂame-retardant
epoxy formulations, and the combination of LDH and
glass-ﬁbers yielded a synergetic effect on mechanical and
ﬂame-retardant characteristics.Acknowledgements
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